Six bacteriocinlike peptides (plantaricin A [PlnA], PlnE, PlnF, PlnJ, PlnK, and PlnN) produced by Lactobacillus plantarum C11 were detected by amino acid sequencing and mass spectrometry. Since purification to homogeneity was problematic, all six peptides were obtained by solid-phase peptide synthesis and were tested for bacteriocin activity. It was found that L. plantarum C11 produces two two-peptide bacteriocins (PlnEF and PlnJK); a strain-specific antagonistic activity was detected at nanomolar concentrations when PlnE and PlnF were combined and when PlnJ and PlnK were combined. Complementary peptides were at least 10 3 times more active when they were combined than when they were present individually, and optimal activity was obtained when the complementary peptides were present in approximately equal amounts. The interaction between complementary peptides was specific, since neither PlnE nor PlnF could complement PlnJ or PlnK, and none of these peptides could complement the peptides constituting the two-peptide bacteriocin lactococcin G. Interestingly, PlnA, which acts as an extracellular signal (pheromone) that triggers bacteriocin production, also possessed a strain-specific antagonistic activity. No bacteriocin activity could be detected for PlnN.
Ribosomally synthesized antimicrobial polypeptides, termed bacteriocins, are produced by various lactic acid bacteria (LAB). LAB bacteriocins are usually membrane-permeabilizing cationic peptides which seldom contain more than 60 amino acid residues (1, 14, 19, 21, 32) . These peptide bacteriocins may be classified into two main groups; group I consists of posttranslationally modified bacteriocins, and group II consists of unmodified bacteriocins. The modified group I bacteriocins are called lantibiotics because they contain the thioether amino acid lanthionine, and often they contain other modified residues, such as methyllanthionine, dehydroalanine, dehydrobutyrine, and D-alanine (27, 29) . The unmodified group II bacteriocins include the pediocinlike bacteriocins (all of which exhibit more than 25% sequence identity to pediocin PA-1), as well as several non-pediocin-like bacteriocins, such as lactococcin A and the two-peptide bacteriocin lactococcin G (13, 19, 21, 22) .
Lactococcin G is classified as a two-peptide bacteriocin since it consists of two different peptides and antibacterial activity requires the complementary action of both peptides in approximately equal amounts (18, 22) . The genes encoding the two peptides are next to each other in the same operon, together with the genes encoding the immunity protein (which protects the producer against lactococcin G) and the membrane-associated ABC transporter (which transfers lactococcin G across the membrane) (11a). Lactococcin G kills cells by permeabilizing the target cell membrane (18) . When the two lactococcin G peptides interact with each other in the presence of membrane structures, they form amphiphilic ␣-helices that apparently are inserted into target cell membranes, which creates potassium-selective channels (11, 18) . Since the isolation and characterization of lactococcin G, other two-peptide LAB bacteriocins that have been described include lactacin F (2), lactobin A (which exhibits sequence similarity to lactacin F) (5), and thermophilin 13 (17) . The two genes encoding the lactacin F peptides are located in the same operon (2) .
Plantaricin A (PlnA) is a short bacteriocinlike peptide produced by Lactobacillus plantarum C11. The plnA gene encodes the precursor of a 26-residue peptide (8) . In addition to the 26-mer peptide, two N-terminally truncated shorter forms of PlnA (containing 22 and 23 residues) ( Fig. 1) were isolated from L. plantarum C11 culture medium. Originally, it was thought that these two truncated peptides compose a twopeptide bacteriocin (23) . Subsequent studies revealed, however, that all three variants of PlnA function as a peptide pheromone that induces transcription of pln genes (3, 6, 15) . The bacteriocin activity originally attributed to the PlnA peptides was presumably caused at least in part by previously unidentified bacteriocins, probably two-peptide bacteriocins (see below).
PlnA induces transcription of genes organized in the following five operons: plnABCD, plnEFI, plnJKLR, plnMNOP, and plnGHSTUV. By analogy to functionally characterized genes from related species, it has been suggested that most of the pln genes are involved in bacteriocin production (7) . plnA, plnE, plnF, plnJ, plnK, and plnN encode typical precursors of bacteriocinlike peptides (7) (Fig. 1) , whereas it has been suggested that plnI, plnL, plnM, and plnP encode immunity proteins. Other genes often found in conjunction with bacteriocin production have also been detected in the pln operons; plnB, plnC, and plnD encode proteins involved in transducing the signal given by the PlnA pheromone (3, 8) , and plnGH encodes the machinery necessary to secrete and process bacteriocin precursors (7) .
Purification of PlnA, PlnE, PlnF, PlnJ, PlnK, and PlnN. To purify LAB bacteriocins to apparent homogeneity, we developed a standard four-step method which includes (i) precipi-tation of bacteriocins from culture media with 40% (wt/vol) ammonium sulfate, (ii) binding of bacteriocins to a cation exchanger (SP-Sepharose) at pH 7 and elution with 1 M NaCl, (iii) binding of bacteriocins to a hydrophobic interaction column (Octyl-Sepharose) and elution with 70% (vol/vol) ethanol, and (iv) repeated reverse-phase chromatography (20, 22, 23, 30) . However, purification of the various peptides from L. plantarum C11 culture medium by this standard and usually successful four-step method was problematic. N-terminal sequencing and mass spectrometry analysis showed that almost all peptide preparations contained different amounts of at least two of the plantaricin peptides. Fractions of PlnN and the PlnA 22-and 23-mer peptides that were approximately 80 to 90% pure could be obtained by the four-step method, as described previously (23) . A slight change in the chromatographic conditions (3 M guanidine-HCl was added to the elution buffer in the ion-exchange and hydrophobic interaction chromatography steps) resulted in purification of PlnJ and PlnK to the extent (purity, approximately 80 to 90%) that sequence determination by peptide sequencing was possible for these peptides (results not shown). Peptide sequencing and mass spectrometry analysis (measured molecular masses were within 0.4 Da of the theoretical molecular masses) showed that the purified PlnJ, PlnK, PlnN, and PlnA 22-and 23-mer peptides were identical to the peptides predicted from the genes (Fig. 1) .
Reasonably pure preparations of PlnE, PlnF, and the PlnA 26-mer peptide were not obtained by the four-step purification method. However, peptide sequencing and mass spectrometry analysis of various peptide mixtures obtained when we attempted to purify these three peptides did reveal their presence (the detected molecular masses were within 0.4 Da of the theoretical molecular masses). Thus, the data showed that L. plantarum C11 did secrete all three PlnA peptides, as well as the putative bacteriocins PlnE, PlnF, PlnJ, PlnK, and PlnN. Moreover, the data showed that none of the peptides contained posttranslationally modified amino acids. Two new two-peptide bacteriocins: PlnEF and PlnJK. To ensure that each plantaricin preparation used for further studies was completely devoid of other contaminating plantaricin peptides, preparations of the eight plantaricin peptides mentioned above (Fig. 1) were obtained by solid-phase synthesis. Synthesis was carried out with an Applied Biosystems model 430A peptide synthesizer by using the standard tert-butoxycarbonyl synthesis protocol of the manufacturer. The peptides were solubilized in 0.1% trifluoroacetic acid (TFA) so that the concentrations were about 5 mg/ml for PlnN and the PlnA peptides, 25 mg/ml for PlnJ, PlnK, and PlnE, and 50 mg/ml for PlnF. For purification, about 1 mg of synthesized peptide was applied to a C 2 -C 18 reverse-phase PepRPC HR 5/5 column (Pharmacia Biotech) equilibrated with 0.1% TFA. The peptides were eluted from the column with a 20 to 40% linear gradient of 2-propanol containing 0.1% TFA and rechromatographed once or twice on the reverse-phase column as described above. The primary structure and purity of the peptides were verified by electrospray mass spectrometry analysis, protein sequencing, and capillary electrophoresis as previously described (10) .
A strain-specific antagonistic activity (bacteriocin activity) was detected at nanomolar concentrations when PlnE and PlnF were combined and when PlnJ and PlnK were combined ( Table 1 ). The peptides were at least 10 3 times more active when they were combined (PlnE was combined with PlnF and PlnJ was combined with PlnK) than when they were tested individually, and optimal activity was obtained when complementary peptides were present in approximately equal amounts (results not shown). Thus, PlnEF and PlnJK clearly are two-peptide bacteriocin systems. This is consistent with the fact that the structural genes encoding the complementary peptides are located next to each other in the same operon FIG. 1. Bacteriocinlike peptides encoded by pln genes. The peptides are characterized by their cationic character, their potential to form amphiphilic ␣-helices, and the fact that their genes encode precursors containing a typical double glycine leader peptide (7, 12) . All of these peptides were detected in culture supernatants of L. plantarum C11 (see text for details). a Bacteriocin activity was determined as described previously (22) . The values are the concentrations of peptides that caused 50% growth inhibition of the indicator strains. The peptides making up PlnJK and PlnEF were mixed at a 1:1 ratio. PlnN was tested against all indicator strains, but no antagonistic activity was detected at any concentration (the highest concentration tested was approximately 1 M). The PlnA 23-mer peptide was tested against L. plantarum 965 and exhibited antagonistic activity similar to that of the PlnA 22-mer peptide.
b NT, not tested.
(plnE is next to plnF, and plnJ is next to plnK) and thus are transcribed simultaneously in equal amounts (7). PlnE, PlnF, PlnJ, and PlnK all have regions (lengths, 18 to 24 residues) that become amphiphilic if they adopt an ␣-helical structure (Fig. 2) . The peptides are in this respect similar to the ␣ and ␤ peptides that constitute the two-peptide bacteriocin lactococcin G (22) and to one of the peptides of the twopeptide bacteriocin lactacin F (2). The putative amphiphilic regions suggest that both PlnEF and PlnJK kill cells by permeabilizing cell membranes, as is the case for lactococcin G, lactacin F, and thermophilin 13 (2, 17, 18) . The interaction between complementary peptides which presumably results in membrane permeabilization is specific, since neither PlnE nor PlnF could complement (act synergistically with) PlnJ or PlnK, and none of these peptides could complement the lactococcin G ␣ or ␤ peptides (results not shown).
PlnN looks like a bacteriocin. First, the plnN gene encodes a precursor with a so-called double glycine leader peptide, which is very typical of bacteriocinlike peptides (7, 12) . Second, the mature PlnN peptide has a putative amphiphilic ␣-helical region that is found in many bacteriocins. Even so, synthetic PlnN did not exhibit antagonistic activity toward the indicator strains tested (Table 1) . Thus, the function of PlnN remains unknown.
The peptide pheromone PlnA has bacteriocinlike activity. In a previous study (6) PlnA did not exhibit any antagonistic activity against the standard indicator strain L. plantarum 965. This study was refined and extended by testing the effect of very pure PlnA peptides at high concentrations on the growth of various indicator strains. Table 1 shows that the PlnA peptides do exhibit strain-specific antagonistic activity, although the peptides are clearly less potent than PlnEF, PlnJK, and bacteriocins in general with most of the indicator strains tested (including L. plantarum 965). As is the case for PlnEF, PlnJK, and the lactococcin G ␣ and ␤ peptides, the PlnA peptides may form an amphiphilic ␣-helix which may interact with target cell membranes. Thus, membrane perturbation could be the means by which PlnA acts antagonistically. All combinations of the PlnA 22-, 23-, and 26-mer peptides and all combinations of these peptides with PlnEF or PlnJK resulted in an additive (not a synergistic) antimicrobial effect (results not shown). Thus, PlnA should not be classified as a two-peptide bacteriocin as originally suggested (23) . Rather, PlnA may (by definition) be considered a group II one-peptide bacteriocin, although it is a less potent antagonist than PlnEF and PlnJK and the biological significance of its antagonistic activity remains uncertain. Interestingly, it has been shown that in some other LAB transcription of the genes necessary for bacteriocin production is induced by the bacteriocin itself (e.g., nisin and carnobacteriocin B2) (16, 24, 26, 28) . PlnA may be an (evolutionary) intermediate between these inducing factors with full bacteriocin activity and the very short inducing factors with no bacteriocin activity, such as the 19-mer peptide which induces the production of the bacteriocin sakacin P (3, 9). PlnA induces transcription of several genes with unknown functions (7), and it would be interesting to know whether one of these genes encodes an immunity protein for PlnA. The absence of an immunity protein would strongly suggest that the primary biological function of PlnA is as a peptide pheromone.
One might speculate that the truncated PlnA 22-and 23-mer peptides result from an alternate export and processing system that does not depend on the dedicated bacteriocin transport and processing machinery (encoded by plnGH) and thus does not depend on the expression of bacteriocin-related genes. This would permit slow accumulation of the 22-and 23-mer peptides in the absence of expression of the ABC transporter gene. Upon reaching the threshold concentration for induction, the truncated peptides would then induce expression of all genes involved in bacteriocin production, resulting in production and secretion of the intact PlnA 26-mer peptide, as well as PlnEF, PlnJK, and PlnN.
The present data provide a striking example of the gradually emerging general notion that many LAB known to produce bacteriocins actually produce several of these peptides. In addition to the "classic" example of the lactococcins produced by several Lactococcus lactis strains (31), several new examples have recently been described (3) (4) (5) 25) . These observations are of great importance from an applied point of view, since they show that a complete analysis of the bacteriocin activity of an LAB may require a thorough search for more than one peptide.
We thank P. Hans Middelhoven for help with some of the experiments.
This work was supported by a grant from the Norwegian Research Council.
